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PREFACE 

This document was prepared as a result of work conducted at Argonne 
National Laboratory during an ongoing research program on the environmental 
effects of power-plant cooling systems, under the auspices of the D. S. Nuclear 
Regulatory Commission (NRC). It is a "generic" report in that It deals with 
the atmospheric effects of cooling system in general rather than those asso
ciated with a specific plant. The author has endeavored to summarize the 
results of the known atmospheric effects of cooling systems, basing his con
clusions on five years of experience in the preparation of environmental impact 
statements for the NRC, together with extensive literature surveys, personal 
observations at operating power plants, participation in workshops on heat dis
sipation effects, and contacts with researchers investigating cooling tower 
plumes. It is hoped that this generic report does accurately describe the 
atmospheric impacts of heat dissipation systems at power plants. 

This report does not contain descriptions and critiques of the numerous 
mathematical models that have been formulated to predict atmospheric behavior. 
Subsequent efforts in the program will Include a critical review of the models 
that purport to simulate cooling tower plume behavior for predicting such 
effects as plume length, plume rise, fogging and icing, drift deposition, etc. 
These studies, to be published separately, will include theoretical analyses of 
the models and comparisons of predicted results with actual conditions and with 
one another. 

As a result of the National Environmental Policy Act of 1969 (NEPA) and 
the Calvert Cliffs court decision, the Directorate of Licensing of the U. S. 
Atomic Energy Commission (now the NRC) entered into a program to write environ
mental impact statements as a step in the licensing of nuclear power plants and 
other facilities. As part of this program, a few meteorologists, including the 
author and meteorological consultants for the utilities, became "Instant experts" 
on the effect of cooling-system effluents on the atmosphere. 

Unfortunately, the state-of-the-art in atmospheric understanding and In 
plume and cloud modeling is such that meteorologists are not now able to make 
accurate, quantitative predictions on how the atmosphere will react to the 
large amounts of heat and water vapor it will be forced to accept from limited 
areas per unit of time from closed-cycle cooling systems. This is largely due 
to a lack of systematic, detailed observations at operating power plants and to 
the complexity of the atmospheric processes. The report therefore Indicates 
areas in which more field work, information and model development are needed. 

To this end, comments, suggestions and criticisms of the information 
and/or conclusions in this report will be welcomed by the author: 

Dr. James E. Carson 
Division of Environmental Impact Studies 
Building 11 
Argonne National Laboratory 
Argonne, Illinois 60439 
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NOMENCLATURE 

For better understanding, a few meteorological terms are defined here; 
others are explained in the text. 

Aerodynamic downwash: eddy (swirling) airflows created by air moving over 
a solid object. 

Hydrometeor: liquid or solid water particles in the atmosphere (Includes 
fog, cloud and raindrops, and snow crystals). 

Hydrosphere: the water portion of the earth, as distinguished from the 
solid (llthosphere) and gaseous (atmosphere) phases. 

Isopleth: a line on a graph or chart drawn through points at which a 
given quantity has the same numerical value. 

Rime ice: a white or milky opaque granular deposit of ice formed by the 
rapid freezing of small supercooled water drops as they impinge on an 
exposed object. 

Saturation deficit: the difference between the saturation water content 
of air minus the actual content, given In mass per unit volume. 

Surface nocturnal inversion: a stable layer of air next to the ground due 
to radiational cooling of the surface at night. Inversion refers to any 
layer in which air temperature increases with height. 





ATMOSPHERIC IMPACTS OF EVAPORATIVE COOLING SYSTEMS 

Abstract 

In areas where sufficient water is available, the once-through 
cooling system is usually the most economical means of disposing of 
waste heat from power plants and industry and has the smallest Impact 
on the local air environment. However, shortages of cooling water 
and/or regulatory actions will require that most new electrical gen
erating stations use closed-cycle cooling systems, such as wet and 
dry cooling towers, cooling lakes and spray canals. All cooling 
procedures eventually transfer waste or unusable heat to the atmos
phere by radiation, conduction and/or evaporation; but because they 
involve smaller areas of heat and water vapor transfer to the atmos
phere, closed-cycle systems have a much higher potential to modify 
local weather conditions than a once-through system. 

This report summarizes available information on the effects of 
the various cooling systems on the atmosphere. While evaporative 
cooling systems do sharply reduce the biological Impacts of thermal 
discharges in water bodies, they do create (at least, for heat-release 
rates comparable to those of two-unit nuclear generating stations) 
atmospheric changes. For an isolated site such as required for a 
nuclear power plant, these changes are rather small and local, and 
usually environmentally acceptable. However, our understanding of 
the atmosphere is such that we cannot say with certainty that these 
effects will remain small as the number of reactors on a given site 
increases. There must exist a critical heat load for a specific 
site which, if exceeded, can create its own weather patterns, and 
thus create inadvertent weather changes such as rain and snow, 
severe thunderstorms and tornadoes. 

Because proven mathematical models are not available, it is not 
now possible to forecast precisely the extent and frequency of the 
atmospheric effects of a particular heat-dissipation system at a par
ticular site. Field research on many aspects of cooling system opera
tion is needed in order to document and quantify the actual atmospheric 
changes caused by a given cooling system and to provide the data needed 
to develop and verify mathematical and physical models. The more impor
tant topics requiring field study are plume rise, fogging and icing 
(from certain systems), drift emission and deposition rates, chemical 
interactions, cloud and precipitation formation and critical heat-
release rates. 



SCOPE OF THE REPORT 

One consequence of the second law of thermodynamics Is that all engines 
which convert heat into other forms of energy must dissipate low-grade heat to 
the environment; in other words, what is frequently called "waste heat" is in 
fact a necessary part of the energy conversion process. 

Until recently, most U. S. electrical generating plants (as well as many 
industrial plants with large heat loads) have used once-through cooling to 
dispose of this reject heat. Although the once-through process is the most 
efficient method of heat dissipation from purely thermodynamic considerations, 
local water shortages, concern about the biological effects of heated water, 
and regulatory actions dictate that "closed-cycle" methods be utilized in many 
situations. 

With the growth in worldwide electrical energy production, the number of 
large power-generating installations is continually increasing, with more and 
larger generating units per site, aggravating the problem of waste-heat dissi
pation. And as limitations are placed on the use of rivers and streams for 
cooling purposes, it is clear that large cooling tower installations will be 
utilized to a greater degree than in the past. This being the case, careful 
consideration of the total environmental impact of these cooling systems is a 
necessary part of the power plant design and site selection process. 

Because evaporative or wet cooling towers provide a convenient, depend
able, economical and well-understood way of rejecting heat directly to the 
atmosphere, they are usually chosen as the means of heat rejection for power 
plants and large industrial plants. Where sufficient level land is available 
near the plant at moderate prices, cooling lakes or spray canals are sometimes 
utilized. Occasionally, to meet some stringent condition, such as the lack of 
cooling water at a mine-mouth plant, a dry cooling system will be installed, 
even for a large heat-load plant. 

In this report, the observed and postulated atmospheric effects of various 
cooling systems are discussed. The author first treats—as a standard—a 
simple, once-through cooling system utilizing a large water body as a heat 
sink, then compares all other systems (the "alternatives") with this standard 
and with each other. (The term "alternative" system is frequently used for 
closed-cycle systems, although the once-through system may not be a viable or 
feasible cooling option in all circumstances.) 

Evaporative cooling towers are the most frequently chosen alternatives. 
Wet or evaporative cooling systems Include: 

Natural-draft cooling towers 

Mechanical-draft cooling towers 

Cooling ponds and lakes (with areas up to two to three acres per MWe) 

Spray canals and ponds 

Wet-dry mechanical-draft cooling tqwers 

Fan-assisted natural-draft cooling towers 

Circular mechanical-draft cooling towers (may have extended vent stacks) 



Dry cooling towers of both mechanical-draft or natural-draft designs can 
be used. 

ONCE-THROUGH COOLING SYSTEMS 

BACKGROUND 

Once-through cooling was used almost exclusively in this country until 
recent times for the rejection of heat generated in the electric-power and 
other large Industries, and it continues to be a viable cooling option at many 
power plant sites. In open-cycle or once-through cooling, water for condensing 
steam is taken from and returned directly to a large body of water, such as a 
lake, river or ocean. The primary reason for using a once-through system is 
that it is in most cases the least expensive and most efficient method of 
disposing of the large amount of reject heat associated with the Ranklne cycle. 
Another desirable aspect is that the water requires little treatment beyond 
trash and debris removal by the usual bar grates and mechanical screens. In 
addition, the power industry employs mostly corrosion-resistant systems, so 
there is little need for water-treatment chemicals except for chlorine as a 
blocide. Because the cooling water is not recirculated, the temperature rise 
across the condenser is relatively low (lower than that associated with closed-
cycle cooling) and is inversely proportional to the water flow rate: the 
higher the flow, the greater the thermal efficiency of the unit. The flow rate 
selected Is a compromise between pumping costs and size of the condensers 
relative to their thermal efficiency. 

WEATHER CHANGES 

Two scales of weather changes can be expected from thermal discharges into 
a large water body: local changes due to Increased heat and moisture fluxes 
over the thermal plume, and far-field modifications due to the accumulation of 
heat energy in the main water body beyond the detectable thermal plume in the 
water. 

Local Weather Changes 

Heat and water vapor are transferred to the atmosphere whenever relatively 
cool air moves over a water surface. As more heat and water vapor will enter 
the atmosphere from a thermal plume than from the unaffected surrounding water 
surface, air with a trajectory over the plume will become somewhat warmer, more 
humid, and less stable than it would otherwise be. If conditions are proper 
(cold air over very warm water), part of the water vapor from the surface will 
recondense as the air next to the water mixes with cooler, drier air aloft; the 
resulting mist is called "steam fog." This fog is created by the same process 
that allows one to "see his breath" or to see "steam" from a kettle: the 
nonlinear relation between the saturation vapor content of air and air tempera
ture. Thus, steam fog will occur more frequently (and have a greater density) 
over a thermal plume than over the main water body. Despite some research, 
proven techniques for predicting the occurrence, density and area extent of 
plume-produced steam fog are not now available.^~^ Further vertical mixing 
favored by the unstable stratification of air (cold air over a warmer surface) 
tends to re-evaporate the steam fog droplets; thus the process which creates 
the fog tends also to dissolve it. It should be noted that natural steam fog 



and icing are common phenomena over open bodies of water in many areas in fall 

and winter. 

Observations at thermal-discharge areas of power plants confirm that an 
increase In the frequency and density of steam fog over the immediate plume 
area is the primary observable effect of once-through cooling systems. 
Steam fogs over thermal plumes in large lakes or oceans are usually thin and 
wispy, in turbulent motion, shallow, and move inland only a few tens of meters 
before evaporating, lifting or becoming quite thin.^ The wind direction 
during periods most favorable for steam fog formation over thermal plumes will 
usually be from the shore toward the lake, moving the steam fog away from land 
areas. Once-through cooling systems on rivers can generate considerable steam 
fog downstream of the discharge point. The degree of fogging would depend on 
many factors, such as the relative flow rate of the stream and the thermal 
discharge, water temperature increase going through the plant, local weather 
conditions, shape of the river valley, etc. 

Some light rime ice will be deposited on vertical objects (but not road 
beds) near (a few tens of meters from) the plume discharge point. Observations 
of ice deposited from freezing steam fog from any source. Including cooling 
ponds and towers, show a similarity to that deposited by natural freezing fog; 
that is, the ice is so light and friable (easily crumbled) as to pose no prob
lems to vegetation or structures. In any event, plume-produced ice will have 
an impact Identical to ice caused by natural steam fog or natural supercooled 
fog of similar density. Rime ice deposited by the operation of evaporative 
cooling systems is quite different in Its nature and effects on plant life, 
traffic and structures than the dense glaze ice formed by freezing rain and 
drizzle. 

Far-Field Meteorological Effects 

Most of the heat in a thermal plume will be mixed into the main water body 
rather than lost to the atmosphere by evaporation, radiation and conduction 
from the plume itself. It has been argued that the extra heat put into a large 
lake could be sufficient to modify the weather and climate in the area. How
ever, simple calculations show that the amount of heat generated by power 
plants is quite small when compared with natural heat-transfer processes (sun
shine, evaporation, long wave radiation, etc.). " For example, it can be 
shown that if all waste heat from nuclear power plants on Lake Michigan operating 
at capacity (7000 MWe) for a full year were mixed completely into the lake 
without losses of energy due to radiation, conduction and evaporation, the 
temperature of the lake would be Increased only 0.022°C (0.04°F).^ This and 
other calculations show that the warming of Lake Michigan by thermal discharges, 
while unidirectional, is much too small to measurably change the average air 
temperature along its shore.^"^ Year-to-year fluctuations in cloudiness and 
air temperatures create much larger fluctuations in lake temperature.^ 

Heat discharges into relatively small lakes (of the order of five to ten 
acres per MWe) could significantly alter the temperature regime in the water. 
Atmospheric effects of such thermal discharges would Include more steam fog 
over the water and nearby land in fall and winter, less radiation-advection fog 
in spring and summer, and slightly warmer water and air at all seasons. The 
added heat could also delay or prevent the formation of a natural ice cover in 
winter. 



Summary 

The waste heat discharged by once-through cooling into a large water body 
will enter the atmosphere slowly over a large area by conduction, radiation and 
evaporation. Since the flux densities of heat and water vapor due to power 
plant heat are very low (except over the thermal plume), no significant meteor
ological changes will occur. During periods of cold weather, some additional 
steam fog will form over the thermal plume Itself, but this fog will not move 
more than a few tens of meters from the discharge point before disappearing. 
The waste heat from a number (say 5 to 20) of large nuclear power units on a 
large lake (such as one of the Great Lakes) will be much too small to produce a 
measurable change in the weather and climate of the region. While the atmos
pheric impact of a once-through cooling system on a large water body is minimal. 
Intake and discharge effects could be such that this cooling option would be 
environmentally unacceptable and some form of closed-cycle cooling required. 

The primary weather change due to once-through cooling drawing from a 
large water body is a small local increase in fogginess at the plant outfall.^ 
As will be seen later, the relative probability of significant local meteoro
logical effects is much larger with the alternative cooling procedures, since 
these reduce the area of heat and moisture transfer. From the meteorological 
point of view, the least undesirable way to dispose of waste heat is by using 
once-through cooling on large water bodies. 

EVAPORATIVE COOLING SYSTEMS 

BACKGROUND 

General Considerations 

Process or waste heat from industry and power plants can also be dissi
pated directly to the atmosphere by means of wet and dry cooling towers, cooling 
ponds and spray canals. 

Evaporative or wet cooling towers are effective, reliable and economical 
heat-dissipation systems. In wet cooling towers, most (60% in winter, 90% in 
summer, averaging about 75%) of the heat is transferred to the atmosphere by 
evaporation, with the remaining cooling accomplished by sensible heat transfer.^" 
There are two basic types of wet cooling towers: natural- and mechanical-
draft. Each has its advantages and disadvantages, and the type selected for a 
specific site will depend in no small part on local cllmatologlcal and site 
considerations. For example, natural-draft cooling towers (NDCTs) usually 
cost more to construct, but are less expensive to operate and maintain, than 
mechanical-draft units (MDCTs) of the same capacity. Weather conditions for 
optimal NDCT performance include low-to-moderate air temperatures with high 
relative humidities.^' MDCTs are more flexible in operation, give adequate 
cooling in hot or very dry climates, and can be designed for lower ap-
proaches.''"'^ The relative operating costs of the two basic types of towers 
are in part a function of fuel costs (to produce the power used to operate 
the fans). 

In this country, MDCTs and cooling ponds (CPs) have been widely used for 
decades; in the past ten years, however, the NDCT has been Introduced for many 



large power plants, especially those in the cooler parts of the nation. In 
Europe, the NDCT has been in use for several decades and is the most widely 
used cooling system for large heat loads. Until recently, the selection of an 
alternative cooling system has resulted from the unavailability of sufficient 
cooling water at the site rather than concern for the environmental aspects of 
heated water on natural bodies of water. 

All alternative cooling systems can be used in either the closed- or open-
cycle mode of operation. In the latter, sometimes called "helper," mode a 
supplementary cooling device is used to dissipate most of the plant's reject 
heat to the atmosphere before returning all of the cooling water to its source 
without recirculation. Such systems are most frequently used at power plants 
where the cooling system is needed only during part of the year to keep efflu
ent water temperatures below a seasonal standard; the Monticello Nuclear Plant 
in Minnesota has such a system, using MDCTs in summer only. Because the helper 
cycle does not reduce the volume of water needed to cool the plant, all of the 
Intake and some of the discharge impacts of once-through systems remain, and a 
large source of water is required. 

However, most plants with cooling towers, spray canals and ponds are 
operated in the closed-cycle mode at all times, with most of the cooling water 
being recycled through the condensers. Closed-cycle cooling greatly reduces 
the volume of water taken from the local water body, thus decreasing intake 
effects. A small part of the cooling water flow (one to two percent) is usually 
returned to its source as blowdown in order to keep the level of dissolved 
solids low. 

While closed-cycle cooling systems do reduce the thermal load on local 
water bodies, they also create their own set of environmental impacts (such as 
fogging and icing, noise, plumes, drift, greater water use. Impact on esthetics, 
etc.) which, for particular sites, may be unacceptable (especially those plants 
forced to change from once-through to closed-cycle cooling after construction 
has begun or during plant operation), 

Design Considerations 

Intake Structures 

The use of closed-cycle wet cooling systems reduces but does not eliminate 
the need for a reliable source of water to replace losses from evaporation, 
drift, leaks and blowdown. The water supply could be a large lake or a river; 
in many locations, a dam and reservoir may be needed to ensure an adequate 
supply of makeup water at all times. Such an impoundment will have its own 
environmental impacts. The intake structure, screens, pumps, intake flow 
velocity, etc., should be designed to have a minimal impact on the aquatic 
biota. 

Blowdown 

Closed-cycle evaporative cooling usually reduces but does not eliminate 
thermal and chemical discharges into water bodies. Because evaporation is the 
principal means of heat dissipation in a wet cooling system, dissolved solids 
present in the makeup water will be concentrated. In addition, chemicals are 



usually added to maintain water quality or to control biologic growths. In a 
few plants, the intake water is sufficiently pure that no chemical additions, 
except chlorine to control biological growths, are required. The blowdown and 
drift from cooling towers may also contain erosion materials—such as asbestos 
and copper—from the cooling system pipes, condenser surfaces and cooling tower 
fill. Unless some of these materials are removed, a saturation level will be 
reached and some of the chemicals will be deposited inside the condensers or on 
other surfaces, reducing the efficiency of the system. An equilibrium concen
tration below the saturation value is usually maintained by continually purging 
water from the system. This purge consists in part of droplet loss (drift or 
windage) from the tower and leakage from the circulating-water piping system. 
Since these losses are insufficient to maintain the dissolved solids concen
tration at a satisfactory level for operation, the operator must remove addi
tional water (typically one to three percent of the circulating water flow) 
from the system; this purge is referred to as "blowdown." Makeup water must be 
added to the system to compensate for all losses. 

Unless a water purification system is added to the blowdown system, the 
total chemical discharge to the aquatic medium is Increased both in amount 
(owing to chemicals added to the cooling water to control pH, algae, corrosion 
and scaling) and in concentration. In a few cases, the blowdown is completely 
evaporated or otherwise used so that the water quality of the receiving water 
body is not degraded; such procedures increase both the costs and the consump
tive use of water. 

In general, blowdown problems become more severe as water quality stan
dards become more restrictive and the sizes of installations increase. To 
minimize the thermal impact of blowdown, water should be withdrawn from the 
cool-water basin of the tower, a procedure that increases slightly the cost of 
cooling system operation; such withdrawal is required by U. S. Environmental 
Protection Agency (EPA) guidelines.''*''^ 

Noise 

The noise characteristics of large cooling tower installations must also 
be considered in an overall assessment of the plant's impact. Techniques are 
available for evaluating cooling tower noise and measuring the noise level of 
the surrounding environment. Although quantitative data in this area are few, 
most observers of these large installations have not reported significant noise 
problems beyond the areas immediately surrounding the towers. For example, noise 
levels of 65 to 75 dBa have been measured at a distance of 100 meters from a 
group of eight NDCTs in England; even though these towers are in a "neighbor
hood of domestic dwellings," this noise level has been accepted by the public.'^ 

In general, the noise associated with mechanical-draft towers can be 
attributed to a combination of sounds resulting from the operation of the 
motors, fans, and gear drives, and from the falling water striking the fill and 
cold-water basin. In the case of natural-draft towers and spray cooling systems, 
the most significant source of noise is the falling water. 

In evaluating noise problems, parameters of Importance (in addition to the 
total noise or sound-pressure level of towers) Include the sound Intensity by 
octave band-number; direction and distance from the tower; local weather con
ditions (which affect sound propagation); attenuation by acoustic barriers. 



trees, etc.; outdoor background noise levels; and types of activity of people 
near the tower who would be affected. 

A complete analysis of cooling tower noise problems is beyond the scope 
of this report; for more information the reader is referred to recent publi
cations.'''"^'' Field measurements of cooling tower noise indicate that its 
sound impact is minimal when there is adequate distance between the tower and 
the community. These observations Indicate that, at a distance of 1000 to 2000 
feet, the noise from the cooling tower is below the noise level of the general 
community.'^•'^'^^ Techniques to lower the sound level are available. Fan 
noise in MDCTs can be reduced by about 10 dB by reducing fan-tip speed from 
12,000 ft/min to 8,000 ft/min (Ref. 14, p. 653). Baffles can also be used to 
lower sound to acceptable levels (Ref. 14, p. 655).* 

Environmental Considerations 

The use of closed-cycle cooling systems does not eliminate thermal dis
charge problems; it merely transfers most of the thermal burden from the 
hydrosphere to the atmosphere and may itself create adverse Impacts. The 
primary factor to be considered in evaluating a cooling system at a specific 
location Is its impact rather than effect; how the discharges affect people, 
fauna, flora and the environment is more important than the atmospheric 
processes involved. Thus, merely predicting the frequency, extent and severity 
of a specific event (such as fogging and icing from a MDCT) is insufficient; 
some effort must be made to estimate how these effects will impact people, 
traffic, flora, etc.—which is usually a much more difficult problem. The 
atmospheric effects of a cooling system depend primarily on the type of cooling 
system selected and local climate; a system's Impact will be controlled to a 
considerable degree by the height of release of the effluents and the location 
of the cooling device with respect to roads, homes, trees, farms and fields, 
etc. 

The recent literature contains a large number of papers on the environ
mental impacts of alternative cooling systems. Unfortunately, only a few 
describe observations made at operating power plants; far too many are based 
on guesses or derived from mathematical models that have never been tested or 
verified by observations at operating plants, and all too often predict atmos
pheric effects (such as frequent ground-level fog from NDCTs) that do not in 
fact occur. (For more discussion of this point, see Ref. 21.) A survey of 
the literature written prior to 1970 yields much speculation but very little 
factual Information on cooling-tower effects. Statements with the dubious 
usefulness and authority of "cooling towers have the potential to cause 
fogging and icing" were found all too frequently. In addition, some of the 
facts presented are Incorrect (e.g., drift rates of about 0.2% were given for 
new towers, a value more than two orders of magnitude too high). 

A number of major reports (or collections of papers) on the atmospheric 
effects of cooling towers have been published. These Include Cooling Tower 
Envir'onment-1974 (Ref. 22); the July 1974 issue of Atmospheric Environment 
(15 papers on experience with natural-draft cooling towers in Great Britain); 

*More information on sound baffling is given later, in the report section on 
fan-assisted natural-draft cooling towers. 



"Cooling Towers," Am. Inst. Chem. Engineers (Ref. 23); "Dry and Wet/Dry 
Cooling Towers for Power Plants," Am. Inst. Mech. Engineers (Ref. 24); "Indus
trial Waste Guide on Thermal Pollution," Federal Water Pollution Control 
Administration (Ref. 12); "Plume Behavior and Potential Environmental Effects 
of Large Dry Cooling Towers," Gulf General Atomic Company (Ref. 25); "Cooling 
Towers," March 1973 issue of Power (Ref. 11); "Effect of Cooling Tower Efflu
ents on Atmospheric Conditions in Northeastern Illinois," Illinois State Water 
Survey report (Ref. 26); "The State-of-the-Art of Salt Water Cooling Towers 
Applicable to Nuclear Electric Power Generating Plants," Report WASH-1244 
(Ref. 27); "Cooling Tower Plume Modeling and Drift Measurement," Am. Soc. 
Mech. Eng., 1975 (Ref. 28); Proceedings of the International Atomic Energy 
Agency Symposium, Oslo, Norway, August 1974 (Ref. 29); Proceedings of the 9th 
World Energy Conference, Detroit, September 1974 (Ref. 30), and three summary 
articles by Parker and Krenkel (Refs. 31-33). 

The atmospheric effects of evaporative heat dissipation systems can be 
separated into four major areas of concern: 

Visible plumes 

Fogging and icing caused by plumes 

Wetting, icing and salt deposition caused by drift 

Augmentation of clouds, precipitation and/or severe storms (tornadoes) 

Other items for potential concern are: consumptive water use; shadowing 
by the plume; percolation of cooling water into the ground; Interactions of 
plumes with other pollutants (such as SO2) to form acid mists; critical heat-
release rates for a specific site; noise; esthetics; intake effects; and the 
chemical, thermal and scouring impacts of the blowdotm. 

The question of the degree of weather modification by cooling tower 
plumes, either wet or dry, cannot be satisfactorily answered at this time due 
to our lack of understanding of the atmospheric processes involved and the 
Inadequacy of available modeling techniques. Meteorologists have not as yet 
been able to develop satisfactory models of cumulus clouds. Cloud modeling 
with the added effect of wet or dry cooling tower plumes is an even more 
difficult problem. Very little information is currently available on the 
possible effects of large plumes on severe weather events such as thunder
storms, hail, severe rainstorms and tornadoes. Some observers think that 
severe thunderstorms, and even tornadoes, can be caused by cooling tower 
effluents during very unstable weather situations. 

Because all evaporative systems add large quantities of heat and water 
vapor to the atmosphere per unit of area and time (the flux density of heat 
and water vapor from a cooling tower is three orders of magnitude greater than 
that for once-through systems), they have a much higher potential for altering 
local weather conditions than does a once-through system. Cooling ponds and 
spray canals, with their larger areas of heat and moisture transfer, have 
intermediate fogging potentials. 

NATURAL-DRAFT WET COOLING TOWERS 

The design of an electric power generating station must combine a number 
of components into the best possible combination (usually in terms of the cost 
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required to generate a unit of energy). Hence, there are trade-offs or com
promises between the design of one component and the balance of the plant. 
The engineer designing a natural-draft cooling tower for a particular power 
plant has a number of parameters to consider in selecting the optimum design. 
These include design wet-bulb temperature, approach (the difference between 
the temperature of the cooled water leaving the tower and the ambient wet-bulb 
temperature), and range (difference in temperature of the water entering and 
leaving the tower). Decreasing the approach, for example, increases the size 
and cost of the tower but produces water and a somewhat more efficient power 
plant. Increasing the cooling range decreases the water flow and the size of 
condensers, while lowering thermal efficiency. A low wet-bulb design tempera
ture results in a smaller tower, but at the expense of plant performance on 
hot, humid summer days. The designer attempts to balance all of the parameters 
into an optimum, or least costly, combination. In order words, there is no 
such thing as the ideal NDCT design suitable for all power plants and all 
climates. 

The primary atmospheric effect created by the operation of natural-draft 
cooling towers is the generation of visible plumes that remain aloft; the 
primary Impact of NDCTs is the esthetic or visual effect of their massive 
structure and associated visible p l u m e . ^ » ' ° 

Observations at operational NDCTs indicate that the visible plume usually 
begins inside the tower itself, due to recondensatlon of water vapor in the 
rising airstream—a process not discussed in most papers and models on cooling 
tower plumes. The warm, saturated air leaving the tower then mixes with 
cooler, drier ambient air. Because of the nonlinear relationship between 
saturation vapor pressure and air temperature, the mixture of these two bodies 
of air will usually be supersaturated, and the excess moisture will continue 
to condense in the form of an elevated visible plume. Because of its vertical 
momentum and buoyancy, the visible plume usually continues to rise well above 
the top of the tower, where it either evaporates and disappears or merges with 
an existing cloud layer. NDCT plumes will punch through all but the most 
intense Inversion layers. 

Because NDCTs dissipate large amounts of heat and water vapor from a 
small area per unit of time, there exists a potential for creating Inadvertent 
weather modifications. These atmospheric effects are discussed below. 

Fogging and Icing 

For evaporative or wet cooling systems, the primary atmospheric effect 
will be the generation of visible (water droplet) plumes due to the recon
densatlon of the water evaporated into the air. If this plume is formed at or 
near ground level, or descends to the surface by either plume meander or 
dispersion, ground-level fog and ice may be generated. 

Fog affects the environment by reducing visibility and by wetting and 
icing surfaces. The Impact of cooling-system fog on most human activities 
(such as highway traffic) depends primarily on horizontal visibility. Unfor
tunately, the term "fog" means different things to different people. To some, 
fog exists only when "one cannot see his hand in front of his face." The 
international definition of fog, and the one used by the U. S. National Weather 
Service (NWS) m its synoptic (six-hourly) weather codes, is a hydrometeor 
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consisting of a visible aggregate of minute water droplets or ice crystals 
suspended in the atmosphere near the earth's surface which reduces visibility 
to less than one kilometer (0.62 mile).^^ The NWS uses the term "dense fog" 
for conditions in which the visibility is less than 400 meters (0.25 mile). 
The official term for conditions in which the horizontal visibility Is one 
kilometer or more is "mist."^^ Contrary to international usage, the NWS, in 
its hourly (airways) weather observations, describes as fog a condition of six 
miles or less visibility due to water drops or ice crystals; the exact reduction 
in visibility is given in another portion of the weather report. The "fogging" 
effects discussed in the literature on cooling systems seem to refer to any 
reduction of horizontal visibility due to thermal discharges, including those 
which would have only a very minor effect on man's activities, such as highway 
traffic. 

If the air temperature is below 32°F, this fog exists as supercooled 
water (not ice or snow) and will be deposited primarily on vertical surfaces 
as friable rime ice with a very low density and little structural strength. 
Wetting and icing of structures and biota downwind of cooling towers can be 
caused by both drift deposition and impaction of recondensed water drops in 
the visible plume. This wetting can cause damage or corrosion to structures 
as well as promote disease in plants. Drift droplets will contain whatever 
chemicals and pathogens are in the circulating water; these materials will be 
deposited on plants, soils and structures, and thus may Impact the local 
environment. 

Most reports on NDCTs written more than a few years ago state that they 
have the "potential" to cause ground-level fogging and icing. Observations at 
operating units indicate that they rarely if ever do. "> " >'^>^'>^^~^^'^°~^^ 
The warm, moist plume enters the atmosphere at heights of 100 meters or more, 
continues to rise hundreds of meters more, and either evaporates or merges 
with a natural cloud layer before reaching ground level. In England, it has 
been observed that two or three times per year "a few detached fragments" of 
visible plume have touched the ground; this condition occurs only with high 
humidity when strong winds create aerodynamic downwash downwind of a complex 
of eight closely spaced, relatively short (375 ft) NDCTs.̂ '.S'* 

In an unpublished 1968 report,'*̂  the Central Electricity Generating Board 
of Great Britain presented its findings on the environmental effects of cooling 
towers. No measurable change in relative humidity was detected downwind. The 
visible plume sometimes persisted for a number of miles downwind, altering 
sunshine in the area. No drizzle or drift was observed from the towers. The 
report states that cumulus clouds were sometimes formed but that no cases of 
showers or precipitation generated by the plumes were observed. More recent 
observations in England, Europe and the United States confirm these conclusions. 
The April 1974 issue of Atmospheric Environment contains a more complete and 
more recent summary of the British experience with NDCTs. 

Photographs taken at cooling tower sites sometimes show ground-level fog 
completely separate from the rising plume from the towers.'*̂ ''*5 xhe surface 
fog is caused by natural processes, such as nocturnal radiation; rivers and 
reservoirs used to supply makeup water to the towers often aid in its formation. 

Thus, observations at operating NDCTs provide evidence that this type of 
cooling tower does not cause fogging and icing in level-terrain areas. 
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Visible Plumes 

Under certain weather conditions (low temperature, high humidity, moderate 
wind speed and stable atmosphere), the visible plume from a cooling tower may 
extend for many miles. ̂^ >"*'>'*'̂  > ̂ '̂  Colbaugh'*' measured plumes extending 16 
kilometers from the 2250-MWe Paradise, Kentucky, coal plant. Even longer 
plumes (up to 43 miles) have been observed and reported.^^'^ 

The length and other dimensions of the plume, such as its plume rise, 
width, depth, and height of base above ground, will depend primarily on exist
ing weather conditions (air temperature, saturation deficit, wind speed and 
atmospheric stability). Because the ability of air to hold water vapor is 
quite low at low temperatures, plumes will be most pronounced during the 
winter season. Blerman et al.^'' published the first climatology of plume 
lengths. They photographically measured the length of the plume from a 
cooling tower complex in Pennsylvania for six months (January 31 through July) 
In 1969. Pictures were taken during the early morning hours, normally the 
time of day with the longest visible plumes. It was found that the plumes 
evaporated completely on 81.5% of all days during the period of study. Of 
these, 87.3% disappeared within five stack heights or 1625 feet of the tower, 
and only 2.6% extended more than 15 stack heights or 4875 feet. The plume 
merged with an existing overcast on 16.5% of all days. On the remaining days 
(2.0%), the plumes were classified as "special cases," such as cloud-building. 
Smith et al.'*^ made 244 plume-rise and length measurements at three power 
plants in Ohio and West Virginia, with generating capacities up to 2900 MWe-
fossll, during November 1973 through August 1974. Of these, 163 (67%) disap
peared within a half-mile of the plant. Only 16 (6.5%) extended to distances 
greater than two miles. Later data indicate that one plume extended 70 kilo
meters (43 miles). 

A more complete cllmatologlcal study of plume lengths was made at the 
coal-fired plant at the Ratcliffe-on-Soar power plant in England.^^' ̂ ' 
This plant uses eight towers to cool its four 500-MWe units. Photographs were 
taken three times (at about 0900, 1400 and 1700 local time) each day for one 
year. (Some photographs were not usable because of a variety of problems. 
Including fog, low clouds and merging of the cooling tower and stack plumes.) 
The plume length measurements were subdivided into three length classes and 
into three relative humidity classes, as shown in Table 1. On a seasonal 
basis, 50% of the measured plumes were persistent (i.e., longer than 900 
meters) in winter; only 10% were persistent In summer. Persistent plumes were 
not observed at high wind speeds (10 mps or higher), but neither were high 
humidities. Moore^^ concludes that relative humidity (measured at 12 m) is as 
good a predictor of plume length (at least for this one power station) as the 
mathematical model given in Reference 61. Extreme caution should be exercised 
in using a relationship such as that in Table 1 as a predictive tool or model; 
this table should not be used for power plants with different power levels and 
climates. Also, humidity (specifically, saturation deficit) at plume level 
(1000 to 3000 ft) would be a far superior moisture parameter.^^•^^ 

There have been no reported cases of visible plumes reaching the ground 
during the five years of operation of the 2250-MWe steam plant at Paradise, 
Kentucky (Ref. 41 plus recent personal communication). According to observers 
of meteorological conditions in the vicinity of the Keystone, Pennsylvania, 
Power Plant (1800 MWe), no surface fogs or icing have been observed in its 
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Table 1. Distribution of Plume Length Classes with Relative Humidity 
Groups: 1 October 1970 to 30 September 1971^ 

Measured 
Humidity 

Group 
Short, 
<300 m 

Plume Length Class 

Medium, 
300-900 m 

Persistent, 
>900 m 

Low 
<75% r.h. 

Medium 
75-90% r.h. 

High 
>90% r.h. 

46 

10 

0 

2 

13 

3 

0 

11 

15 

As percentages of 717 observations. 

Based on measurements taken three times each day at the Ratcliffe-on-Soar 
power plant in England, Reference 61. 

four years of operation (personal communication). The same conclusions have 
been reported in England,^6,21, 34, 38,t2,1*3 ,54, 55 Swltzerland50-53 and the 

United States. ̂ >̂ ̂ '̂''''>'*'>'*̂ ~'*̂ > ̂ ^ Hosier**̂  does report one occasion on which 
the visible plume from an NDCT did reach the ground in a mountainous terrain 
area; however, this is the only reported case. Horizontal visibility at 
ground level at this location was about one mile. Nevertheless, contrary to 
actual observations taken at tower sites, many theoretical analyses still 
predict frequent tower-induced ground-level fog.^''^^'^^ 

Cloud and Precipitation Formation 

The visible plume from a cooling tower is in fact an artificial cloud. 
The extra heat and water vapor can, under proper meteorological conditions, 
create cumulus clouds. Aynsley,"*̂  Spurr ,2', a"* ,'*3 Smith et al.'*̂  and others 
have observed that the updraft from an NDCT can create cumulus clouds after 
the Initial visible plume has evaporated. Aynsley concludes that this is a 
"rare occurrence," and that these man-made clouds only precede natural cloud 
formation. Experience in^England indicates that NDCTs do create clouds but 
not precipitation. 16,21,38,"tZ,1*3 rj-ĵg state-of-the-art in cloud physics is 
such that meteorologists cannot now say with any degree of certainty that 
there will or will not be a measurable Increase in rainfall due to cooling 
tower plumes.2^'^'*"^^ It is possible that the plume from a cooling tower 
could somehow trigger an existing atmospheric instability and create extra 
cumulus congestus clouds and precipitation miles downwind of the release 
point As the number and size of cooling towers on a given site increase, the 
probability of significant alteration of cloudiness and precipitation patterns 
will Increase (see Energy Parks). There should be a small (of the order of a 
few percent) increase in precipitation when natural rain or snow fall through 
a cooling plume. 

There are several reported occurrences of snow or ice crystals being gen
erated by MDCT plumes; in all cases, the amounts of snow were very small.^.68,69 
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Until recently, there were no such observations for NDCTs. (This doesn't mean 
that the phenomena did not occur at NDCT sites, it means that no one had 
really been looking for it.) Aircraft observations made In Ohio and West 
Virginia during the winter of 1975-1976 Indicated at least ten cases in which 
some snow fell from the visible plumes of NDCTs.^^ In all ten cases, the 
surface air temperature was -12°C or lower. Kramer et al.^^ discuss in detail 
one situation (January 18, 1976) where up to one Inch of very light fluffy 
snow fell from a cooling tower plume in otherwise clean air. The air tempera
ture at this time was -12°C at the surface, -18°C at plume height. The super
cooled plume rose to the base of an Inversion at 1600 meters. The supercooled 
water droplets began to change to ice crystals about 5 kilometers downwind of 
the towers; snowfall at ground level extended from 13 to at least 43 kilometers. 

This study Indicates that at least two other factors contribute to the 
lack of reports of snow from cooling towers: the distance between the towers 
and the snow, and the fact that tower-induced snows often occur when natural 
clouds are present and when natural snow would be expected. ° The report 
dramatically Indicates the need for thorough observational studies at cooling 
towers. 

Although there are many examples of cloud generation from cooling tower 
operation, no cases of rain showers or liquid precipitation generated by 
cooling tower plumes have been observed and reported in the literature. The 
lack of reports of rainfall from cooling tower plumes may be due only to the 
fact that no one has been looking for it, as was the case with snowfall obser
vations. It is quite possible that a cooling tower will modify the pattern of 
rainfall in the area, but it will not alter the total precipitation for the 
region, as the water vapor emissions from the tower are very small compared 
with natural fluxes. Whether single towers or small groups (two to four 
nuclear units) of cooling towers do modify precipitation patterns will remain 
an unanswered question until data from operating power plants become avail
able. Separating the signal (change in rainfall patterns) from the noise of 
the random spatial variability of natural processes will be difficult. 

Drift 

A small fraction of the cooling water (of the order of 0.005% or less for 
NDCTs with modern drift eliminators in good repair) is entrained in the air 
before leaving the towers. These water droplets, which contain whatever 
microorganisms and dissolved and suspended chemicals are present in the cir
culating water, are called "drift" or "carryover." Most of these drops will 
evaporate before reaching the ground, leaving their impurities suspended in 
the atmosphere. Under some conditions, such as high relative humidity or 
drizzle, some of the drops will fall to the ground and may create or contribute 
to wetting, fogging and/or icing and the deposition of salt residue. The 
possible health hazards of microorganisms in drift are now under investigation 
by Argonne and others. 

Methods for measuring drift rate, drop-size spectrum and drift deposition 
rates can be found in References 70 through 78. Experience at operating 
towers Indicates that low drift rates are possible only if the drift elimina
tors are in good repair; even minor failures or defects In this system will 
cause large increases in the drift rate. 
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It should be remembered that the guaranteed or quoted drift rate, usually 
expressed as a percentage of the circulating water flow, is valid only at 
design wet-bulb conditions; this design temperature is often taken as the 
value exceeded five percent of the hours in a four-month summer season. At 
lower wet-bulb temperatures, which occur 95% or so of the time in summer, the 
airflow through the tower will be greater than at design conditions. It is 
not clear how the drift rate will vary at higher airflows, as the effectiveness 
of the eliminators will also increase. 

Experience at such towers indicates that the fallout of water and chemi
cals under most weather conditions is too small to be felt or measured except 
in the immediate vicinity of the tower, and that no environmental problems are 
created.'5,21,34,42,U3,H6,50-52,73 Measurements in England indicate that the 
maximum deposition rate of liquid water observed downwind of a cooling tower 
complex for a 2000-MWe fossil plant with state-of-the-art drift eliminators in 
good repair is only 0.0008 inch per hour about 300 meters downwind, an amount 
too small to cause road wetting or to be felt. 2'.'•2,43,73 

The environmental impact of drift depends not on what comes out of the 
top of a cooling tower (the drift) but on what falls to the ground (drift 
deposition). Due to an almost complete lack of representative data on drift 
deposition rates at various distances from the tower as functions of tower 
design and weather conditions, no satisfactory, proven models to predict drift 
deposition rates and impacts have been developed.28 Hopefully, studies now in 
progress at the Chalk Point nuclear power plant on the Patuxent River in 
Maryland will help resolve the problem.^6-78 

In some areas, drift could cause icing of road surfaces, etc. During 
periods of high wind, some of the circulating water can be blown out of the 
base of a cooling tower; this process is called "blowout" or "stripping."'^.^3 
This could cause problems very close to the tower, especially for saltwater 
towers. 

The question of biological damage due to the deposition of salts by drift 
from freshwater cooling towers has generated considerable Interest and contro
versy, despite the total lack of any cases of such damage being observed and 
reported. This controversy is fueled in part by a series of mathematical 
models which predict very large wet deposition values, a condition that is not 
observed. Part of the confusion and controversy is due to use of the word 
"salt." To most people, salt means sodium chloride (NaCl) only. Most of the 
solid material in the drift from a freshwater cooling tower is calcium sulfate 
(CaSOij), a material that has a much smaller effect on plants. A typical value 
for the salt or total dissolved solids (TDS) level in the cooling water for 
freshwater towers is of the order of 1000 ppm, a value below that of some 
irrigation waters. Most of the salts falling on plant leaves will be washed 
off by natural rain, reducing the biologic effect of deposition. 

A review of the literature Indicates that salt deposition due to drift 
from freshwater cooling towers fitted with state-of-the-art drift eliminators 
will be very small and that most all of the drift droplets that do fall to the 
ground will do so within one or two thousand feet of the towers, a conclusion 
consistent with two recent EPA reports.''*''^ Thus, no adverse environmental 
impacts are expected due to salts in the drift from freshwater cooling towers. 
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Salt deposition due to drift from cooling towers using salt or brackish 
water for makeup could lead to serious environmental problems.22,27,76-82 
The question of adverse biological Impacts of salts from saltwater cooling 
tower drift remains unsettled, due to a lack of careful, systematic efforts to 
measure drift deposition rates and plant damage. Experience with saltwater 
NDCTs at Fleetwood, in England, shows no evidence of destruction of vegetation 
due to drift.2'.2/ Observational programs now under way at brackish-water 
NDCTs in Maryland,^^-78 ^^^ Jersey'^ and Florida^" should resolve the problem. 
The biological impact of salt deposition is, of course, related to the type 
and salt tolerance of the vegetation in the area, the season of the year, and 
the amount of natural rainfall (which washes the salt from the leaf surfaces). 
Salt can also Increase corrosion of metal surfaces in man-made structures. 
Plants growing near the seacoast are subject to a natural salt load, whereas 
plants further Inland are not. The added salt burden will be the item con
trolling the Impact of salts on the biota. Roffman et al. have published a 
series of papers on the drift from saltwater cooling towers. .8'.°2 Addi
tional papers on saltwater cooling towers Include References 83 through 85. 
For more information on cooling tower drift and its biological effects, the 
reader is referred to the April 1974 issue of Atmospheric Environment and to 
the book Cooling Tower Environment-1974 (Ref. 22). 

Acid Mist 

It has been argued on theoretical grounds that the water droplets in a 
visible cooling tower plume could merge with stack gases from fossil-fired 
plants, that sulfuric acid droplets would be formed, and that this "acid mist" 
would fall to the ground and cause damage to human health, the biota and man-
made structures. 

Hundreds of wet cooling towers have been operating at fossil-fired power 
plants for decades both in the United States and Europe without any Indication 
of significant adverse impacts due to "acid mist" from merging plumes. While 
this lack of reports of damage is not proof that the phenomenon does not occur 
(since no systematic observations have been made), the problem is probably a 
minor one. This conclusion is in agreement with a recent EPA report''* and 
studies in England.38,73 Smith86 has made a theoretical analysis of acid mist 
conversion and deposition rates. 

The statements above do not mean that acid rains and mists from the use 
of high-sulfur fuels do not occur or are not a problem, but the real question 
remains "how does the presence of a cooling tower plume alter the sulfur dioxide 
cycle in the atmosphere?" The plume from a fossil-fuel plant already contains 
all of the ingredients needed to cause acid droplets and acid rain (SO2; 
particulates to act as catalysts; water vapor from the hydrogen in the fuel; 
and, in cold weather conditions, water droplets from the condensation of this 
water vapor). When coal, oil or gas is burned, the hydrogen in the fuel will 
be converted to water vapor. For most coal deposits, about one pound of water 
vapor is created for each two pounds of fuel burned. In burning high-sulfur 
(4%) coals, 20 or more water molecules are created for every molecule of SOo. 
These two gaseous effluents are completely mixed in the stack gas, along with 
the catalytic agents to promote oxidation. " 

Natural weather processes (fog, clouds, drizzle, rain and snow) provide 
the liquid water needed to convert SOj into sulfuric acid and bring the acid 
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to the ground. In other words, the real problem in evaluating cooling tower- . 
fossil plume interactions is to isolate the effect of a (small?) perturbation 
on a chemical process common to all fossil-fueled plants, with or without 
cooling towers. Limited data collected in England indicate that acid droplets 
observed in an NDCT plume were due mostly to ambient SOj entrained in the 
plume and not to merging of the plant's stack and tower effluents.^3 ^cid 
drops with values between pH 2 and pH 3 have been observed in Pennsylvania."t^.87 

Observations and photographs at power plants show that plumes from cooling 
towers frequently merge with the stack effluents, especially during periods 
favoring long, visible plumes. This merging may occur with most wind direc
tions, tower heights and plume rises, due to the widening of both plumes with 
distance. 

Obviously, the question of acid mist formation by cooling tower plumes 
needs further study, primarily field studies at operating fossil plants.^^ ^ 
field program to examine this phenomenon at the Chalk Point plant in Maryland 
is now under way.^6,77 

Plume Shadowing 

The visible plume from an NDCT will reduce the amount of sunshine reaching 
the ground near the unlt.'*̂ ~̂ 2 fj,e amount of sunshine loss will depend on a 
large number of parameters: plant heat load, season of the year (shadowing 
will be a maximum in winter), time of day (plumes are longest at dawn), local 
climate (temperature, humidity, natural cloudiness, wind speed), etc. The 
Impact will be very site-specific: people and crops shadowed, seasonal effects, 
wind direction, etc. 

B^gh and Junod et al.,^" using computer models to simulate visible 
plumes, have computed the minutes of sunshine lost per day due to plumes for 
specific power plants in Switzerland and Germany. Reductions of up to 20 
minutes per day very near the plants were calculated. The one-minute-per-day 
isopleth of lost sunshine extends only about six miles from a plant. These 
calculations appear to be reasonable. 

Models 

A large number of analytical models have been generated to make quantita
tive predictions of natural- and mechanical-draft cooling tower plume parameters: 
plume rise, length of visible plume, fogging and drift deposition. A few of 
these have been referenced above,22,26-2?,3§,48,50-53,61-63,70-73,79,81,82,86 
and many more are available.88 118 xhls list is incomplete, and many of the 
models are proprietary. Several recent models (especially for drift deposition) 
were presented at a March 1974 Atomic Energy Commission symposium, the proceed
ings of which (.Cooling Tower Environment—1974) are available.22 xhe April 
1974 issue of Atmospheric Environment also contains many papers on drift and 
plume models. 

A survey of the cooling tower environmental Impact analysis requirements 
indicates there is an urgent need for the generation of mathematical and 
physical models that have been shown to accurately simulate cooling tower 
plume effects. At the moment, more numerical models are not needed, but data 
to test them are in very short supply. For example, more than a dozen models 



to simulate drift fallout rates from the NDCTs exist; but due to a complete 
lack of drift fallout data of good quality, none has as yet been shown to 
simulate nature accurately.28 Yet, important design decisions are being made 
on the basis on these untested, perhaps invalid", models. 

While meteorologists have found mathematical models very useful in study
ing atmospheric processes, the primary function-of such models in environ
mental Impact statements is to simulate cooling tower effects at other loca
tions and for other atmospheric conditions. Therefore, the models for this 
application should be simple and easy to apply, inexpensive to run on the 
computer, and have been shown by tests with independent data to accurately 
simulate nature. 

Unfortunately, some of the models now available are known to be inaccu
rate. Most models for NDCTs predict that the visible plume will begin outside 
of the tower due to mixing with ambient air, while in fact the plume begins 
inside the tower just above the drift eliminators. Most of the older models 
for NDCTs predicted frequent downwind fog, despite a complete lack of such fog 
at actual tower sites. Many but not all models for MDCTs call for much ground 
fog at some distance from the tower because of dispersion of the plume downward 
after an Intial rise, a process that has never been observed and reported. 
Observations Indicate that the primary if not the only cause of fog at such 
towers is aerodynamic downwash next to the towers, a condition not simulated 
by most models. Finally, some models have been tested using the same set of 
observational data used to establish the values of adjustable parameters in 
the model; models must be tested against independent data. 

Physical models, such as wind tunnels, can also be used to simulate 
cooling tower plume behavior; again, prototype data are needed to verify the 
applicability of the models. '^.^ 

The American Society of Mechanical Engineers (ASME) recently published a 
critical review of the mathematical models for predicting plume lengths, 
fogging and drift from cooling towers.28 This report contains a list of many 
but not all of the available models, and some of the assumptions used, and 
briefly discusses the limited verification procedures used by the model devel
opers. ASME tested only a very limited number of models and was not able to 
test others because of their proprietary nature. 

Among the conclusions in the report are: 

1. With reference to cooling tower plumes, "no mathematical models exist 
that have been adequately validated by field measurements for a 
variety of tower types and meteorological conditions." 

2. No specific plume model type was proven to be superior to others. 

3. Some of the models proposed "were capable of reasonably good 
predictions of observed plume characteristics when the model coef
ficients were tuned for a best f^t"; that is, after an empirical 
curve-fitting parameter was used to modify the original calculated 
value. 
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4. "A major problem in prediction of plume effects is characterization 
of the source, determination of aerodynamic effects and the combina
tion of plumes from multiple sources." 

5. "A number of fairly complex mathematical models exist for prediction 
of transport and deposition of cooling tower drift. No adequate 
field data have been collected for verification or calibration of 
the models. The proposed models often produce conflicting predic
tions, and there is no general agreement on the best way to model 
turbulent dispersion of drift particles or the mechanism of droplet 
escape from the vapor plume. It is concluded that there is no single 
model that can be accepted as providing reliable drift predictions 
at present." 

6. None of the [drift] models have been compared to any kind of repre
sentative field data [because they do not exist]. Therefore, there is 
no basis for stating that any model even roughly corresponds to reality.' 

7. Estimates of drift deposition rates from the various models differ by 
more than an order of magnitude. 

The ASME report28 confirms the widely held opinion that the primary 
reason for the lack of proven models is the shortage of quality field data 
collected at operating cooling towers under a variety of meteorological condi
tions. 3° At present, a number of field studies are being conducted at operating 
NDCTs both in Europe and the United States; the data from these observational 
programs are now becoming available for model development and validation. The 
U. S. Energy Research and Development Administration (ERDA) and NRC are pres
ently funding model comparison studies at both Oak Ridge and Argonne National 
Laboratories. 

Summary 

Experience with hundreds of towers (there are about 300 in Great Britain 
alone3 8) proves that the natural-draft cooling tower is an effective and 
reliable cooling device that produces a minimal environmental impact, provided 
it is properly designed and maintained.'^ .21,38 ĝ .̂̂  towers do not cause 
fogging or icing, and the drift effects are minor and limited to areas quite 
near the tower. Their primary adverse Impact is visual: their bulk—it is 
hard to conceal a structure 500 feet or more tall—and visible plumes that 
remain aloft.'6,21,38 

Because of the limited amount of data taken at operational cooling towers, 
none of the models for cooling tower effects has been properly tested by using 
Independent data from a variety of climatic areas. Therefore, it is not now 
possible to indicate which, if any, of the available formulae do simulate 
natural conditions accurately. 

MECHANICAL-DRAFT COOLING TOWERS 

Compared to natural-draft units, the mechanical-draft tower has several 
advantages, such as lower capital costs, greater control over cold-water 
temperatures, smaller approach, greater cooling range, and greater flexibility 
in use. ""'3'^^° Mechanical-draft towers, with their low level of release (20 
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to 30 m) and more rapid entrainment, do cause ground-level fog. Therefore, 
attention must be paid to site selection to minimize fog over highways and 
structures, and other adverse Impacts. 

Mechanical-draft units are better suited to areas with summer peak loads 
and high ambient wet-bulb temperatures, such as the Gulf Coast. Natural-draft 
cooling towers should not be used in areas with hot, dry summers, or in deserts, 
since the evaporative cooling within the tower may be so great as to destroy 
the density difference and thus stop the airflow through the tower." Natural-
draft units should not be built in areas with frequent, strong winds, such as 
the hurricane belt along the Gulf and Atlantic coasts. 

Observations to date Indicate that properly designed, maintained and 
located MDCTs do not create significant adverse effects, except for the region 
quite close (of the order of 1000 to 2000 ft) to the towers. 

Fogging and Icing 

The fog potential of these shorter, induced-ventilation towers is much 
greater than that of natural-draft units for the following reasons: 

Mechanical units release their water vapor at much lower elevations 
(50 to 80 ft, compared to 350 to 500 ft for NDCTs) where winds are 
weaker, the saturation deficit is usually less and surface nocturnal 
Inversion may be present. 

The plumes are frequently trapped in the building wake eddies gen
erated by aerodynamic downwash. 

Much higher entrainment rates (and hence lesser plume rise) are gen
erated owing to smaller exit diameters, higher exit air speeds and 
the additional turbulence created by the fan. 

Although wet mechanical-draft towers have been used for decades to cool 
power plants, little quantitative data are available on the water droplet 
plumes they generate (the work of Meyer et al.'''^ being a recent exception), 
and even fewer references exist on significant adverse impacts due to their 
operation.^.'"''2.''*.27,1*5,1*6,120-132 Several studies have reported light, 
friable rime icing from cooling tower operation, but there are no known reports 
of severe icing on adjacent roads or structures as the result of operating 
modern MDCTs. The primary cause of surface fogging and icing near an MDCT is 
aerodynamic downwash, which brings the plume to the ground very near the 
tower. A recent study of the plumes from the Oak Ridge, Tennessee, induced-
draft towers (about 2000 MWt) indicates that during a seven-month period 
(December 1972 through June 1973), downwash was observed on 65% of all days 
(the photographs were taken during the afternoons) and occurred whenever the 
wind speed was more than 3 m/sec and wind direction was more than 10° from the 
long axis of the towers. ̂ 6,123-125 ^^^^^ j^g g^^her evaporated completely or 
lifted because of buoyancy once it escaped the tower ca,vlty region, typically 
about 100 meters downwind. With the wind direction along the long axis of the 
towers (within ±10°), no downwash was observed with winds up to 5 m/sec. The 
greatest distance over which fog due to downwash was observed at Oak Ridge was 
0.5 kilometer.'23 gp^ studies indicate "mechanical draft towers may cause 
problems, but in most cases fogging and icing would be on-site (i.e., within 
1000 to 2000 ft of the tower)."''* 



21 

Thus, while downwash does cause fogging and icing near the tower, proper 
tower siting will confine the problem to the plant site. 

Cloud and Precipitation Augmentation 

The visible plume from a cooling tower is a cloud. Hanna and Perry'24 
report that, on rainy days, the plume sometimes forms a stratus-type cloud 
that may extend for tens of kilometers below the natural overcast layer, and 
that a cumulus cloud can form in the updraft created by a cooling tower plume 
after the initial plume has evaporated completely. In the Oak Ridge study, it 
"^s "̂ on̂ luded that some form of cloud development was Initiated on 10% of all 
^^y^- KQ̂ '̂̂ ^ light snow caused by cooling-tower discharge was reported 
in Tennessee^s and in Indiana.88 

Drift 

Because of higher exit speeds in mechanical-draft towers, the drift rate 
is usually higher than in natural-draft units. However, drift rates as low as 
0.0008% are possible.80 in any event, almost all of the drift that falls to 
the ground will do so within 300 to 1000 feet of the towers.^8,123-125,128-132 
In studies conducted at the gaseous diffusion plant in Oak Ridge, Tennessee, 
drift measurements were made on individual cells of both counterflow and 
crossflow towers.58,123-125,130-132 observations were made using three 
separate measurement techniques (LIDAR, sensitive paper and isokinetic sam
ples) . ̂ '''̂ ' > 80 Xhe results of these tests Indicate that the average drift 
flux from the crossflow tower was 3.8 g/m2-sec, or approximately 0.1% of the 
recirculating water flow rate.'32 xt should be pointed out that these are old 
(25 years) units with somewhat defective drift eliminators. Measurements made 
at a counterflow tower yielded an average drift concentration of 0.04 g/m -
sec, or 3.5 x 10~^% of the recirculating water flow.'32 xhe large difference 
in the values obtained at the two installations is thought to be due to the 
condition of the entrainment separators in the cells under test rather than to 
Inherent characteristics of the towers. Measurements made at modern MDCTs 
using state-of-the-art drift eliminators indicate drift rates of about 
0.008%;'28,129 g^en lower values are technically feasible.°0 

Deposition of Fallout 

At Oak Ridge, studies were also conducted on the deposition flux and air 
concentration of drift chemicals in the cooling tower surroundings. Samples 
of grasses, trees and soils were analyzed to determine the amounts of cooling 

\ i'^n"*"i^9 

water treatment chemicals (such as chromium and zinc) they contain. 
Although the tests definitely Indicated concentrations of these chemicals 
above background levels at distances up to 2400 meters, it was observed that 
the amount decreased exponentially with distance. In the case of soil, the 
results indicated that background levels were not exceeded beyond 400 meters. 
Tests conducted with tobacco plants, which are sensitive to chromium, showed 
that little or no effects were observed at distances beyond 600 meters. In 
addition to the tests described above, observations of the surroundings in the 
near vicinity of the tower have shown no detectable damage from over 20 years 
of cooling tower operation.'30-132 
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Models 

Most models for predicting plume dimensions and surface fogging from 
mechanical-draft units include a prediction of plume rise (due to buoyancy and 
initial momentum) followed by a dlspersion-of-moisture calculation from this 
"virtual" or effective stack height. Many of the models available predict 
frequent fogging some distance (1 to 10 km) from the tower due to downward 
dispersion. However, the limited amount of quantitative data concerning such 
towers Indicate that this type of fog rarely if ever occurs (better, is rarely 
seen and is not reported). Fogging from MDCTs is almost exclusively due to 
aerodynamic downwash, a process Ignored in many models. 

Consumptive Water Use 

The consumptive water use is the same in both mechanical- and natural-
draft cooling towers. On an average annual basis, about 75% of the heat 
transfer is due to evaporation; the rest, to conduction. In winter, the 
evaporative heat rate is as low as 60% of the total; it is about 90% in 

summer. 10 

Summary 

In 1974, 80% of all orders for power-plant cooling towers were for 
mechanical-draft units, and 20% for NDCTs.'^^ Ten years ago, the ratio was 
about 50:50. The survey showed that the average cooling range for MDCTs 
ordered in 1974 was 22.3°F, compared with 26.8''F for NDCTs; the average ap
proach to wet-bulb for MDCTs was 13.9°F, compared with 17.3°F for NDCTs. The 
trend toward the greater use of MDCTs results In part from their lower total 
cost.' 3'* 

MDCTs do cause surface fogging near (within 2000 ft of) the towers; this 
fog then either evaporates or lifts. The drift rate for a tower equipped with 
modern drift eliminators is 0.008% or less; most of the drift droplets that do 
fall to the surface will do so within 1000 feet of the tower. Thus, a properly 
sited and maintained MDCT can be used to dissipate heat from a power plant or 
other large source without creating a significant environmental Impact, except 
in an area within 1000 to 2000 feet of the tower. 

Mostly because of a shortage of quantitative empirical data, none of the 
mathematical models advanced for predicting plume parameters and drift for 
MDCTs has been shown to simulate nature accurately.28 

OTHER TYPES OF COOLING TOWERS 

Fan-Assisted Natural-Draft Towers 

The fan-assisted natural-draft type of tower (FANDCT), a relatively new 
design concept, combines certain features of both mechanical- and natural-
draft towers."''35 139 Several FANDCT designs exist, including both crossflow 
and counterflow arrangements for the fill.135 xn some, the multiple fans can 
be turned off on all but the warmest days or during low-load periods, and the 
unit will operate as a natural-draft tower. In others, the fans are used at 
all times for additional cooling capacity for a given size cooling tower. 
Thus, a shorter (compared with a pure NDCT) tower can be used to dissipate the 
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same amount of waste heat. While no units of this type have been constructed 
in the United States to date, several are now operating in Europe. For example, 
in a typical English fossil-fired power plant, eight natural-draft cooling 

cno?" n̂nn''J',''°f ^^^ ^' '^^^ "^'^ ^\^^^ diameter of 302 ft) are used to 
cool a 2000-MWe-fossil power complex.'37,138 ^^e physical bulk of these 
towers and their visible plumes have created an adverse esthetic impact. In 
an effort to reduce this Impact, a single FANDCT of the same height and shell 
diameter is now being built at the 1000-MWe-fossil Ince "B" power plant In 
England. This single tower will be able to do the cooling of the four NDCTs 
It will replace.'37,138 j^ ^j^.^ ^^^.^^^ ^^^ ^^^^ ̂ .^^ ̂ ^ outside the shell in 
a typical crossflow arrangement in a circle 564 feet across; 35 fans will 
provide the necessary airflow, and will use 0.6% of the power produced by the 
plant. 

Another tower design consists of a concrete shell similar to, but shorter 
than, that of a pure counterflow natural-draft unit, with a circle of fans 
around the base to augment airflow.'35,139 p^^ ^ ^^^^^ ^^^^ ^^_^^^ ^^^^ ^ 
tower will be about one-half as tall and two-thirds the diameter of a natural-
draft unit. Wind tunnel tests for proposed FANDCTs at the Blblis Nuclear 
Power Plant in Germany indicated frequent fogging downwind from 170- (52 m) 
and 220-feet (67 m) tall units. A tower height of 268 feet (82 m) was required 
to ensure that "ground-touching plumes will be extremely rare."52 B«(gh has 
stated that "although the assisted draught cooling towers gave higher ground 
Impacts than the natural draught towers, their environmental Influence can 
still be considered as being well within tolerable limits. . . ."52 

The drift rate from FANDCTs will depend in part on the effectiveness of 
the drift eliminators. However, because of the higher exit air speeds, the 
drift rate could be greater than that of a natural-draft tower. Tests made in 
a large test cell indicate that, with proper engineering of the drift elimina
tors, drift is negligible.'37.138 uj-lft rates for FANDCTs of as low as 0.002% 
of the circulating water may be obtained and guaranteed; the cost penalty for 
such low drift rates is, however, lower than that of an NDCT of same capacity. 135 

One would suspect a FANDCT to be noisier than an NDCT, as the fans and 
motors would add to the noise generated by the falling water. However, Lefevre 
and Gilbert report that FANDCTs are not necessarily noisier, and that sound 
attenuation barriers can be added to make them very quiet.'35 They state that 
FANDCT noise levels are equal to, or actually less noisy in operation than, 
conventional MDCTs. Noise-absorbing baffles have been used to lower the 
levels at the Blblis plant to 19 dBa at 1800 meters (5900 ft).'35 Noise 
levels reported by Lefevre and Gllbert'35 at 500 feet from various types of 
cooling towers, in dBa, are: counterflow NDCTs, 61; counterflow fan-assisted 
units at peak load, 66; counterflow fan-assisted units with low-noise fans, 
63; counterflow fan-assisted units with low noise fans, motors, gears and baf
fles, 45; and induced-draft counterflow (inline or clustered) units, 66. 

Thus, the environmental impacts of fan-assisted towers will be comparable 
to those of natural-draft units. 

Circular Mechanical-Draft Towers 

As with FANDCTs, a variety of circular mechanical-draft cooling tower 
designs exist. One counterflow design uses one very large fan (up to 85 ft in 
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diameter) to pull air through fill similar to that in natural-draft counterflow 
units. A large number of towers of this type are now in use in Europe, with 
unit sizes of up to 300 MWe-fossll per tower. Because of their high stacks 
(up to 150 ft), some of the force drawing air through the tower is due to the 
natural-draft effect. Another design uses a fill arrangement similar to that 
in crossflow natural-draft units, but replaces the hyperbolic shell with a 
number (up to 16) of fans similar to those used in mechanical-draft towers. 
One such tower is now operating at a 500-MWe-fossll plant in Gulfport, Missis
sippi. 0 One cooling tower vendor is now offering a counterflow circular 
tower with both forced draft (fans and motors located on the periphery of the 
unit pushing air across the fill) and Induced draft (fans and motors Inside 
the tower structure pulling air through the fill). 35 xhe latter arrangement 
would be somewhat quieter, as the fan placement would direct the noise upward, 
not outward. 

The primary advantage of circular towers over the standard MDCT layout is 
the better aerodynamic characteristics of the rounded structure, which reduce 
downwash (and therefore fogging and icing) and recirculation. 5'> 52 , 1 19 ,1 itO 
Because these towers combine the heat output of many cells of a conventional 
mechanical-draft unit into one plume and (in some designs) discharge it at 
higher elevations (up to approximately 150 ft), ground-level fogging will be 
less than that of conventional MDCTs, but more than that of the much higher 
FANDCTs or NDCTs. The more compact site layout could reduce construction and 
pumping costs. 

Wet-Dry Towers 

In the wet-dry type of tower, a dry cooling section is added to a conven
tional evaporative cooling tower. Most design concepts, and all operating 
wet-dry units, are pure mechanical-draft types, " ' 2'*, I'tl-l̂ S although a wet-
dry natural-draft tower is feasible.'"*^ The design is an attempt to combine 
some of the best features of both wet and dry cooling towers (little or no 
fogging in winter, lower consumptive use of water, economical cooling in 
summer, etc.) and decrease the disadvantages of each (especially the high 
capital and operating costs of dry-only units for summer conditions). Experi
ence with wet-dry towers is very limited, as only a few cells are now operational. 

Four basic water and flow patterns are possible: airflow in series or 
parallel, and water flow in series or parallel. In one design (the only one 
now in use), all or part of the hot water first passes through the dry section 
of the tower and then through the wet section; airflow is through either the 
wet or the dry section, or both, with adjustable louvers used to control the 
two parallel airflows.'' The airflows mix inside the tower prior to discharge. 
The effluent air thus has a higher temperature and a lower absolute humidity 
than that from a standard MDCT, lowering the potential for fogging, icing and 
long plumes. The amount of fogging and plume reduction will depend on the 
relative sizes of the two cooling sections. Such towers can be designed to 
operate with dry-only cooling below a certain temperature, say 40°F. It is 
expected that they would operate as wet-only units in summer. Thus, water 
conservation would result primarily in winter, which may or may not'be impor
tant at a specific location. 

Wet-dry mechanical-draft cooling towers are larger and more costly to 
build and operate than pure wet mechanical-draft units of similar capacity. 
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The dollar cost would be 25 to 100% more, depending on the exact design.''*2 
Utilization of a combined wet-dry system can be of great advantage in areas 
where the incremental contribution of cooling tower moisture to the atmosphere 
could increase the occurrence of fog in the vicinity of the cooling towers to 
an unacceptable degree. The reduction of fogging at a specific site may be 
sufficient to justify the higher costs involved. 

COOLING PONDS AND SPRAY CANALS 

Before the final complete plant design (fuel, location, boiler design, 
cooling system, dollar and ecological costs, etc.) is selected, the environ
mental impact of all feasible alternate cooling systems, including cooling 
ponds and spray canals, should be considered. 

Cooling Ponds 

In areas where land is relatively inexpensive and sufficiently level, 
cooling ponds and/or spray canals may be used to dissipate the plant's thermal 
discharges. Experience at operational plants with cooling ponds indicates 
that the ponds are effective and reliable heat sinks.^.'2,'20 xhey are also 
the least expensive of the alternative cooling systems to install and operate 
over the lifetime of the plant in most areas where land can be purchased at 
current farm-land price levels.'.'50 Further, ponds have a considerable 
thermal inertia; that is, the power plant waste heat need not be dissipated to 
the atmosphere at the same rate that it is produced—as is the case with 
cooling towers. There is no noise or drift associated with cooling pond 
operation, and the ponds can also be used for recreation. Their primary 
disadvantage is the large water surface area needed to dissipate the energy. 
Seepage could be a problem at some locations. 

There is a rule-of-thumb that at least one acre of water surface is 
needed to cool a 1-MWe-fossil plant effectively, and as much as 1.5 acres are 
needed for a similar light-water reactor.^." A smaller pond will cool a 
plant at the expense of higher pond temperatures, higher back pressure in the 
turbines (hence, lower plant efficiency), and a greater impact of steam fog on 
the local atmosphere due to a warmer water surface. Larger ponds will provide 
cooler water and less steam fog, but at the expense of greater land-use area 
and greater total consumption of water. 

The primary meteorological effect of a cooling pond is the generation of 
steam fog over and near the pond.7''52.'53 steam fog is created whenever the 
air above the pond is sufficiently cold and humid that It cannot retain the 
water vapor evaporating into it from the heated water surface.' The fre
quency intensity and inland penetration of pond-induced steam fog are items 
of concern in pond site selection. Fog over ponds used for recreation could 
also be a problem; however, weather conditions during steam fog periods are 
not favorable for boating, fishing or swimming. Observations made at existing 
cooling ponds indicate the steam fog is usually shallow, wispy and in turbulent 
motion, and that it does not penetrate Inland more than 100 to 500 feet before 
evaporating, becoming quite thin, or lifting to become stratus. , ̂ .t^.^a^ 
Steam fog has been observed two miles downwind of the Four Corners Power Plant 
in New Mexico.2 The reference does not indicate the density of this fog, 
however. Elevated plumes (stratus) 11 miles long were observed. It would 
appear that, because the water vapor is released over large areas, ponds are 
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not a major source of dense fog despite the release of the water vapor at 
ground level. A cooling pond should be located so that the Induced fogs (and 
freezing fogs) do not affect roads and bridges. Experience at the Dresden 
Nuclear Power Plant in northern Illinois indicates that a buffer distance of 
500 to 1000 feet is sufficient.'^2 Some of the water droplets will be removed 
by vegetation (a row of evergreens, for example) and other surfaces as the fog 
moves across the nearby land areas, causing a local increase in humidity and 
dew, but reducing fog density downwind of the "fog sweeper."'55,156 xhe 
potential for creating steam fog and icing (as well as the thermal effective
ness of the pond) depends on pond size, plant load and local weather conditions, 
such as air temperature and humidity, wind speed and sunshine. Therefore, the 
utility will have to study local weather conditions before selecting this 
cooling system for a specific plant. 

It should be remembered that natural steam fog is fairly common in much 
of the nation because of the frequent passage of cold air masses over open 
water. Because of higher water temperatures, steam fog will sometimes form 
over the heated water in cooling ponds when conditions do not favor natural 
steam fog. During periods of subfreezlng temperatures, some of the droplets 
will freeze and create a layer of low-density rime ice on nearby (i.e., within 
a few hundred feet) vegetation and structures. Observations at existing 
ponds indicate that this rarely, if ever, causes problems with power lines or 
vegetation because of the nature of the rime ice deposited. 52,153 jĵ  any 
event, the ice will be similar in nature to that produced by natural steam 
fog. 

Water consumption from a cooling pond cannot be estimated by a simple 
calculation, as all components of the water budget for the pond area must be 
considered.'0'151 These include water gains by precipitation and runoff and 
losses by seepage. If the pond or lake existed prior to its use as a cooling 
facility, the consumptive use for cooling alone (forced evaporation) is total 
lake evaporation minus natural evaporation. Water losses due to forced evap
oration on an existing water body are probably less than that from a wet cooling 
tower, since the pond also loses significant amounts of heat by conduction and 
radiation. For new ponds, the natural evapotransplration of the area covered 
by the pond must be subtracted from total pond evaporation in order to calcu
late the net consumptive water use. It is generally assumed that a new cooling 
pond evaporates more water than cooling towers of similar capacity.151 

Spray Canals 

In a spray cooling system, pumps are used to send a spray of heated water 
droplets into the atmosphere to increase the area of contact between water and 
air, thus increasing the rate of cooling by conduction and evaporation. One 
type of system now in service sends the water about 20 feet upwards in a 40-
foot-dlameter circle. The primary advantage of a spray system over a cooling 
pond is the much smaller water area needed to cool a given plant load: about 
five percent of that needed for a cooling pond of similar capacity.". 12.120 
However, to reduce recirculation and ensure maximum cooling efficiency, the 
sprays should be spread over a large area, such as a meandering canal.'57-159 
If the spray modules are placed in rows, as in a canal, they should be aligned 
at right angles to the prevailing winds if at all possible. Additional land 
between the canal and plant boundary is needed to reduce fogging impacts. 



27 

Spray cooling systems have a higher probability of creating dense fogs 
than a cooling pond or once-through system, since, for a given heat load, a 
much smaller volume of air is modified by the sprays. The fogging potential 
of a spray canal is lower than that of an MDCT, however. 

The visible plume created by a spray canal contains some drift droplets 
in addition to drops of recondensed vapor. These drift droplets will be much 
larger than those produced by condensation, and add considerably to the wetting 
and icing potential of the visible atmospheric plume.152,155 ^^^ drift rate 
from a spray cooling system will depend on many factors, such as wind speed 
and the design of the spray units. Because there are no drift eliminators, 
the drift rate can be quite large in strong winds. However, because of the 
low height of release, the low vertical velocity of the droplets as they leave 
the spray heads and the large size of the droplets, most of the drift will 
quickly fall to the surface near the spray units.'52,155,160-163 

In contrast to cooling towers and ponds, which have been used for decades, 
there has been little operating experience with large spray cooling systems, 
especially in winter, the season of greatest fogging and icing potential. 
Most information on the thermal performance of sprays is proprietary, the 
recent work of Porter et al. of Illinois Institute of Technology being an 
exception.'8'* Power plant operation with a spray cooling canal at the Dresden 
Plant in northern Illinois indicated no serious environmental or fogging 
problems after three seasons of use.'52,153 similar experiences with spray 
canals have been noted in Michigan'55, 16 3 ĝĵj ^^^ Hampshire. 153 As with 
cooling ponds, the fogging and icing effects decrease rapidly with distance. 
Hoffman concludes that a distance of 600 feet from the canal to public roads 
and switchyards is sufficient to preclude any hazardous conditions from aris
ing. '83 From the limited experience to date, it is reasonable to expect that 
spray cooling systems will create more severe icing conditions very near the 
spray canal during winter than would MDCTs and cooling ponds, with drift being 
the primary cause of the difference. 

Quantitative estimates of fog and icing potential from spray canals are 
not now possible, since the properties of the air downwind of spray units 
(temperature, liquid water content, droplet size distribution, etc.) are 
unknown functions of ambient weather conditions (wind speed, air temperature, 
humidity, stability), water temperature, and characteristics of the spray 
heads (nozzle opening number of spray, droplet sizes and their location with 
respect to the wind direction, etc.). For most wind conditions, the air will 
be in contact with the water from the spray for a shorter period than it would 
be in a cooling tower, and a larger volume of air will be modified while 
cooling a given plant load. Sprays are noisier than cooling ponds because of 
the pumps, falling water and lack of baffling. 

Horl reports that a belt of evergreen trees acts as a "fog sweeper," 
reducing the area affected by spray canal Induced fogging.'5^''^8 Such a 
shelter belt would also cut the wind speed across the sprayed water, reducing 
both drift and thermal performance. 

SiimT''a_n̂ _i_£o°J-i"S Ponds and Spray Canals 

In general, experience has shown that cooling ponds are effective, in
expensive and environmentally acceptable cooling systems as long as they are 
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located a sufficient distance (of the order of one-quarter to one-half mile) 
from public roads, etc., the exact distance depending in part on plant loading 
(heat dissipation per acre), local weather conditions, and the type of vegeta
tion between the water and the roads structures, etc. Experience with large 
spray cooling systems is limited, and adequate studies of their thermal per
formance and environmental Impacts have not as yet been conducted and/or made 
available for evaluation. Most Information on the thermal performance of 
spray systems is proprietary. Data that are available indicate that sprays 
are environmentally acceptable if there is a large enough (of the order of 
one-quarter to one-half mile) buffer zone. 

Cooling Towers Using Saline Water 

Because a large fraction of the total electric power generation for this 
country is located near centers of population, many of the installations now 
proposed or under construction are to be located close to the east and west 
seaboards. To provide the necessary cooling for the large number of power 
plants anticipated, it will be necessary to use salt- or brackish water as a 
means of cooling in some plants. When cooling towers are used, the environ
mental aspects of drift and blowdown must be evaluated. 

Although there has been very little experience with saline water in 
recirculating cooling water systems in this country, the English Central 
Electricity Generating Board (CEGB) has operated two natural-draft evaporative 
cooling towers using saltwater at its 90-MWe Fleetwood Power Station for about 
21 years. These towers are about 250 feet high 184 feet in diameter at the 
base, and circulate water at about 50,000 gpm each. Salt concentration is 
about 40,000 ppm. No significant environmental effects due to salts in the 
drift have been observed at this power plant.2'.27 xhe measured drift rates 
from these old towers is of the order of 0.03 to 0.06% of the circulating 
water flow. A network of 11 deposition gauges was used for a one-year period 
to determine chloride deposition. No measurable increase above the natural 
background level (about 900 kg/km2-mo or 8 Ibs/acre-mo) was detected.27 
Trees, lawns and pastures near the towers show no signs of damage due to 
drift. Based on their long experience at the Fleetwood Station, CEGB repre
sentatives state that they have not observed adverse effects and have not had 
complaints from their neighbors.27 of course, care must be used in extra
polating from this small plant to a group of much larger generating units. A 
saltwater NDCT with a drift rate of less than 0.002% is now in use in New 
Jersey.^^ 

Several theoretical investigations have attempted to determine the effect 
of the saltwater deposition patterns in areas located close to the seashore 
and the environmental aspects of sea spray on biological growth in these 
areas. The early literature contains descriptions of injury to plants after 
strong winds off the ocean.'85 n „as observed as early as 1805 in England 
that greater leaf Injury occurred when there was no rain associated with such 
winds. 

In the studies for the proposed Forked River Nuclear Power Plant, on the 
New Jersey coast, the environmental effects .of salt drift from an NDCT were 
calculated. Initial measurements were made at a power plant where a counter-
flow tower of similar design was in operation. 8'* ,92 ,J.^^^ characteristics of 
drift from this Installation were then used to model the potential effects of 
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a tower using seawater as makeup. The following conclusions were reached 
concerning the Forked River installation. 

The accumulation of airborne salt on aboveground vegetation such as 
leaves and branches is proportional to the near-ground air concentration of 
salt. Measurements made in the vicinity of the Forked River installation 
indicate that the concentration of natural sea salt in the air ranged from an 
annual average of one yg/m3 at a distance of ten miles Inland to about 70 
pg/m at the shore itself. Under consistent on-shore wind conditions, short-
term natural sea-salt concentration can be 20 yg/m3 ten miles Inland and 500 
to 1000 pg/m3 near the shore. The study, relying on measurements of the 
drift rate and drift drop size distribution made on the Homer City, Pennsyl
vania, station cooling tower, indicates that the annual average near-ground 
air concentrations of tower salt will be less than ten percent of that from 
the bay and ocean. The highest annual average near-ground air concentration 
of tower salt is about 0.1 iig/m3, about a factor of 100 below the level of 10 
yg/m , which might have a long-term effect on the growth of a principal species 
of vegetation in the area. 8'*, 92 

The effect of airborne salt on the surface- and groundwater, soil and 
plant life is related to the deposition rate of salt on the surface of the 
ground. Measurements indicate that the annual sea-salt deposition rate averages 
from 300 kg/km2-mo at a distance of ten miles Inland to 3500 kg/km2-mo near 
the shore. About one-half to three-quarters of this occurs normally in rain
fall. The average natural sea-salt concentration in rainwater is estimated to 
vary from about 10 to 20 ppm immediately Inland from the shore to about two 
ppm ten miles inland. Comparable tower salt concentration in rainfall in the 
area within a three-mile radius of the tower is estimated to average a fraction 
of one ppm. Obviously, the downstream contribution will be less. Investiga
tions made in the area of the Forked River plant indicate that the Incremental 
effects of cooling tower operations on airborne salt concentration, salt in 
rainfall, and dry deposition rates will result in no significant related 
effects on subsurface water, groundwater, and soil, or indirect effects on 
fish, land animals and subsurface structures. 8'•.92 

Observations of the rate of salt deposition from drift from brackish 
water NDCTs and of the biological impact of this salt are being conducted at 
two locations along the Atlantic Coast.^8,77,79 Preoperational estimates of 
these parameters for the Chalk Point, Maryland, plant are Included in a series 
of reports in Reference 22; no serious impacts are expected. Nester83 reports 
no serious problem due to salt drift from a small mechanical-draft tower in 
New Jersey. 

DRY COOLING TOWERS 

ENGINEERING ASPECTS 

The use of dry (nonevaporatlve) cooling towers for power-plant heat rejec
tion has been the subject of much study during the past few years. 2'* ,25,166-185 
Increasing Interest in the use of dry-type cooling systems by both the steam-
electric power generating and process industries is evident. The use of such 
cooling systems will allow greater freedom in plant siting by eliminating the 
need for large water supplies. In these systems, all heat transfer takes 
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place as a sensible heat-transfer process across an air-metal interface rather 
than by evaporation. Because the advantage of latent heat evaporation is not 
available, the heat-transfer area in dry-cooling systems must be extensive; 
airflow through a dry tower is about three times that through a wet tower of 
similar capacity. 

Dry cooling towers now being used in Europe and Africa are limited to fossil 
plants in the 220-MWe or smaller categories. °8 A 330-MWe coal plant using dry 
towers is now being constructed at the Wyodak Station, near Gillette, Wyoming.'" 

Dry cooling towers remove heat from a circulating fluid through conduction 
to air being circulated past the heat-exchanger tubes. The theoretical lowest 
temperature that a dry cooling system can achieve is the dry-bulb temperature 
of the air, which is always higher than or equal to the wet-bulb temperature, 
the theoretical lowest temperature that a wet cooling tower can achieve. As a 
result, a dry cooling tower is a less efficient cooling system, which leads to 
increased cost and size of the cooling equipment. Turbine back pressures will 
be Increased, as will the range of back pressures over which the turbines must 
operate. This will result in a reduced station capacity for a given boiler 
system and quantity of fuel used. Because of high capital and operating 
costs, higher back pressures in the turbines and poor fuel economy, dry towers 
are not now an attractive alternative cooling technique for power plants with 
large heat loads, except in areas where adequate water is unavailable or too 
expensive. Dry towers are in widespread use in the chemical and petroleum 
industries, where high condensate temperatures are tolerable. 

Studies have been undertaken to determine the incremental increased cost 
of adding dry cooling towers to conventional power systems. Dry cooling can 
be expected to add a small incremental cost to the production of power as 
finally distributed to the buyer. When considered at the retail level for 
household service, including all costs of generation and transmission, the 
Increase in cost for power production using dry-type heat-rejection systems 
with a power plant optimized for dry cooling could be as low as two to five 
percent, depending on the rate prevailing in the particular system. Much 
higher cost estimates can also be quoted (e.g., see Ref. 44). 

E. S. Miliaras recently published a comprehensive book on the engineering 
aspects of dry cooling systems for large heat loads. 8 

ATMOSPHERIC EFFECTS 

It is frequently stated or assumed that dry towers, either of the natural-
or mechanical-draft types, would have little if any local atmospheric effects. 
Dry towers will not, of course, create fogging or icing. However, the pos
sibility exists that the updraft from such a tower could release an existing 
atmospheric convective instability and create showers, thunderstorms and 
severe storms.25,44,65,186 Huff, a cloud physicist, recently stated: "At 
this time, for example, it is not evident whether a dry or wet tower plume is 
more likely to Initiate clouds with a given rate of energy discharge to the 
atmosphere."85 Hanna and Glffordl87 find tj,e probability of cloud forming due 
to a dry-tower plume nearly the same as that for a wet cooling tower, if other 
factors (heat discharge rate, atmospheric conditions) were equal. Due to 
poorer efficiency, a plant of given size would discharge more waste heat with 
dry towers than with wet units. Boyack and Kearney2 5 state that ". . . a 
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sailplane pilot, reported that the thermal updraft over the Ibbenburen plant 
[150 MIJo _<:„„„,• 1 1 ,• „ 1,., c - u . „. J . . , , . 

we£ 
^ -y .-̂...-̂..-11 ui.̂  ^^^^^ v..j.j.a.̂..t:ii._cs. xi.equt;iiL ciouQ lormacion nas axsc 
been observed by sailplane pilots over or downwind from the Ibbenburen plant. 

In a wet cooling tower, 10 to 40% of the waste heat is in the form of 
sensible heat, with the lower value typical of summer conditions. All of the 
heat from a dry tower is in the form of sensible heat. Hence, the effluents 
from dry towers create much larger updrafts than effluents from evaporative 
towers of equal electrical capacity, especially in summer when the probability 
of large thunderstorms is greatest. Most of the liquid water in a cumulus or 
cumulonimbus cloud generated by updrafts from a wet cooling tower comes from 
the condensation of ambient water vapor entrained into the rising air column, 
not from the cooling tower effluent. Thus, the cloud-building and precipita
tion augmentation of a cooling tower effluent are due to the buoyancy and 
vertical momentum of the effluents. Meteorological conditions in the atmos
phere above the cooling tower tops will control plume rise and cloud generation. 
On a dry day with a stable atmosphere, or on a very windy day, no large clouds 
will be generated. However, on days when the atmospheric conditions favor 
natural cumulus cloud activity, the buoyancy of the cooling tower plumes could 
initiate or augment convective activity. 

Some people believe that dry cooling towers can produce desirable weather 
effects that could be an asset to the local environment.25'186 Some believe 
that the large heated plumes from dry cooling towers can be used to disperse 
fog in the near vicinity. It is also possible that plumes from both natural-
and mechanical-draft dry cooling towers can be expected to penetrate ground-
level and most elevated inversions under normal conditions. One advantage of 
this method of heat release is the possibility of venting pollutants trapped 
below the inversion by pushing them up through the stable layers. However, 
this cleansing action could be expected to be small unless there were a large 
number of lOOO-MW or larger power plants located within a single basin.25,186 

Other possible objections to dry cooling towers include the noise and 
visual size of the towers. The noise level from a large array of fans in a 
mechanical-draft dry tower would be higher than that from a wet tower of equal 
capacity. Boyack and Kearney state that an NDCT for a 1000-MWe nuclear plant 
at sea level would be 713 feet tall, with top and base diameters of 547 and 
783 feet, respectively.25,186 ^t an elevation of 3000 feet, these values, in 
order, change to 918, 577 and 783 feet. Thus, dry NDCTs would be much larger 
than evaporative NDCTs for a given generating load. Dry mechanical-draft 
towers would also be larger than wet MDCTs, covering an area 1250 x 354 feet, 
standing 115-feet tall and using forty-eight 60-foot-diameter fans^ Freezing 
of the cooling water inside dry towers is a serious problem. ' 

ENERGY PARKS 

"Energy parks"—consisting of a large number of electric generating 
stations in a limited geographical area—are now being seriously considered as 
a solution to the energy problem.'87-190 Energy centers with capacities of 
5000 MWe (nuclear) are now being constructed; power parks of 10,000 to 50,000 
MWe are being considered. Martin'^' has examined local weather data near a 
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2000-MWe-fossll plant using eight natural-draft cooling towers and found no 
evidence of weather changes due to the thermal plumes. Hanna and Glfford'87 
indicate that, while clouds are formed by cooling tower plumes, no significant 
changes in rainfall in the areas of study have been reported. This conclusion 
seems to be valid for power plants using natural- or mechanical-draft cooling 
towers in currently operating power plants, with capacities up to 3000 MWe-
fossll or 2000 MWe-nuclear. Whether It is a valid conclusion for larger heat 
outputs is not knoT.m. 

The state-of-the-art in atmospheric modeling and understanding is such 
that meteorologists are not able to predict quantitatively how the atmosphere 
will react to the large amounts of heat energy and water vapor that it will be 
forced to absorb from small areas as the result of the disposal of waste heat 
from energy parks. Conceivably, critical heat-release rates may exist which, 
when exceeded, may lead to significant meteorological effects, such as the 
generation of thunderstorms and severe storms in convectlvely unstable, sub
tropical conditions. 5,64-66,187 .j.̂ ^̂  possibility of such inadvertent weather 
modifications should be examined very carefully before any energy parks are 
constructed. Energy parks using once-through cooling systems on the ocean 
would have very little if any atmospheric effects. Those using cooling ponds 
would have a much lower probability of creating significant atmospheric effects 
than would plants using cooling towers, due to their large area and the low 
level of heat and vapor releases. The NRC has recently published a report on 
the technical and meteorological aspects of power parks. ° 

SUMMARY AND CONCLUSIONS 

The amount of heat energy contained in the cooling water from large 
nuclear power stations is small in comparison with amounts involved in natural 
heat processes. Because the heat energy from plants with once-through cooling 
systems will enter the atmosphere slowly over a large area, changes in weather 
will be small and impossible to Isolate in the natural variability of weather 
elements. An exception will be an increase of steam fog in fall and winter at 
the point of discharge. 

Evaporative cooling towers and lakes are effective heat sinks which 
sharply reduce the Impact of thermal discharges on water bodies. However, 
they do create their own atmospheric impacts which, for an isolated site such 
as required for the exclusion area of a nuclear plant, are rather minor and 
usually acceptable. 

Mathematical models to simulate plume and drift behavior are available, 
but none has been shown to be accurate and reliable under all weather condi
tions, due primarily to a lack of plume and drift data from operational power 
plants. Since some data on plume effects are now being collected, efforts to 
validate and Improve models should be Increased. 

The primary reason meteorologists are not able to make accurate, quanti
tative estimates of the atmospheric effects of cooling-system operation is the 
lack of systematic, detailed observations made at operating power plants. 
Therefore, the primary research need to eliminate this information void is a 
series of major field experiments at power plants with mechanical-draft and 
natural-draft cooling towers, spray canals, once-through cooling and cooling 
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ponds. The primary results of these field observations would be to clearly 
identify and quantify the environmental problems caused by cooling systems, 
and to indicate which of the postulated issues are in fact nonproblems and 
need not be considered further. Another result of equal importance would be 
the construction of a suitable data base that would allow mathematical and 
physical models to be developed and adequately tested. These models could 
then be used to predict with accuracy and confidence conditions at proposed 
power plants in other areas. As a result, multimillion-dollar design deci
sions, which are now being based on very poor information, would be supported 
on a more accurate and complete assessment of cooling-system effects. The 
observations would also be used to formulate "rules-of-thumb" that could be 
used in determining the environmental acceptability of a specific cooling 
system on a given site. For example, if more thorough observations show that 
fog from MDCTs and cooling ponds does, in fact, always or almost always evap
orate or rise above the surface within a short distance, then no model would 
be needed to accept such a cooling system on another site. But "how far is 
far enough" remains a valid question requiring a quantitative answer that can 
only come through observations over a wide range of meteorological conditions 
at operating plant cooling systems. 

Specific areas for which additional field studies as well as theoretical 
analyses are urgently required include: (1) plume rise and the dimensions of 
the visible plumes from all types of cooling systems; (2) fogging and icing 
from mechanical-draft cooling towers, cooling ponds and spray canals; (3) drift 
emission and deposition rates and the effects of salt deposition on plants and 
structures; (4) interaction of cooling tower plumes with other pollutants, 
especially SO2; (5) generation of clouds and precipitation; (6) critical heat-
release rates for a given site; and (7) physical (laboratory) model studies in 
wind tunnels. The field observations should also identify nonproblem areas: 
i.e., environmental objections to cooling systems raised by theoretical and 
other arguments which are not observed or are of relatively low importance, 
such as fogging and icing from natural-draft cooling towers, drift effects, 
acid misting, noise, etc. More complete information on research needs are 
given in References 35, 67 and 190. 

Because of the legal nature of environmental hearings, the results of 
these studies should be published in a series of reports, with condensed 
versions published in the open literature, preferably in a refereed journal. 
The research above would quantify the effects of the operation of the various 
cooling tower options and allow the utilities and regulatory agencies to weigh 
the advantages and disadvantages of each cooling system more accurately and 
then to select the best total power plant design for a given site. 
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